Serotonin (5-HT) 2 receptors are thought to play an important role in the expression of both REM (rapid eye movement) and nonREM sleep (Dugovic and Wauquier 1987; Sharpley et al. 1994; Benington and Heller 1995). Antagonists with mixed affinity for 5-HT2c and 5-HT2a receptors (5-HT2cR, 5-HT2aR) increase the deeper stages of nonREM sleep and nonREM sleep electroencephalographic slow wave activity (EEG SWA) (Dugovic and Wauquier 1987; Sharpley et al. 1994; Benington and Heller 1995). In addition, pharmacological blockade of 5-HT2 receptors reduces REM sleep time and transitions from nonREM to REM sleep (NRT). These results suggest that 5-HT2 receptors may be involved in the homeostatic regulation of nonREM sleep and the timing of the nonREM-REM sleep cycle.
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Determining the precise role of the 5-HT2aR and 5-HT2cR in sleep has proven difficult because both serotonin receptor sub-types couple to similar intracellular mechanisms (Julius et al. 1990 ) and most pharmacological compounds used to examine the function of 5-HT2 receptors have affinity for both the 5-HT2aR and 5-HT2cR (Sharpley et al. 1994) , as well as for some adrenergic and histaminergic receptors (Monti and Monti 1999) . The development of mice with targeted mutations of receptor genes provides an alternative approach for examining the contribution of a given serotonin receptor to sleep expression (Boutrel et al. 1999) . In order to test the hypothesis that 5-HT2cRs are involved in sleep expression, we examined sleep and sleep homeostasis in mice bearing a targeted null mutation of the 5-HT2cR.
METHODS

5-HT2cR Mutant Mice
These animals were originally generated from a 129-derived embryonic stem cell line, and were subsequently backcrossed for at least ten generations to a C57BL/6 background. Genotyping was performed according to previously described methods (Tecott et al. 1998) . 5-HT2cR knock-out (KO) mice appear healthy, breed readily and exhibit no overt abnormalities in central nervous system morphology or expression levels of other 5-HT receptor subtypes (Tecott et al. 1998; López-Giménez et al. 2001 ).
Surgeries, Housing, and Vigilance State Recording
Male wild-type (WT: n ϭ 8) and 5-HT2cR knockout mice (KO: n ϭ 7) between two and three months of age were implanted with EEG and EMG electrodes under isoflorane anesthesia. After 5-7 days of post-operative recovery, lightweight recording cables were connected to the head implants and mice were placed in cylindrical polypropylene containers containing nest material, water and food ad libitum. Mice were acclimated to the sleep chamber for 5-7 days (12:12 light-dark (LD) cycle; lights on at 8 A . M .). EEGs and EMGs were then collected on a Grass 7 polygraph, digitized at 100 Hz and stored in 10-s epochs on a personal computer according to previously described methods (Frank and Heller 1997) . Following acclimation, baseline 24-h recordings were made. All surgical and sleep recording procedures were approved by the UCSF Committee for Animal Research and were performed in accordance with the Declaration of Helsinki and the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Vigilance State Scoring and Analyses
NonREM sleep, REM sleep, and wake were determined by an experimenter blind to mice genotypes using an algorithm validated in mice (Veasey et al. 2000) . On the baseline day, we computed the amount of each state (expressed as a percentage of total recording time) and the duration of individual sleep and wake episodes. We also measured transitions between nonREM sleep and REM sleep during the light phase. Since 5-HT2 receptor antagonists are reported to produce abnormal EEGs in rodents (Borbely et al. 1988) , we also examined differences in vigilance state EEGs according to previously described methods (Frank and Heller 1997) .
To investigate sleep homeostasis in 5-HT2cR KO mice, we sleep deprived (SD) mice from 8 A . M . to 2 P . M . at the beginning of the major sleep period (light phase) using a slowly rotating chamber. Vigilance state amounts and durations in the remaining 6 h of the light phase and subsequent 12 h of the dark phase (POST-SD) were compared with mean values obtained from timematched periods of the corresponding baseline (PRE-SD). The amount of nonREM sleep SWA in 2-h bins (normalized to baseline 24-h nonREM sleep SWA) in the remaining half of the light phase and subsequent dark phase was likewise compared with time-matched values obtained in the baseline light and dark periods.
Statistical Analyses
General Linear Model tests (GLM: ANOVAs for unbalanced cells in multiple hour comparisons) were used to test between baseline WT and 5-HT2cR KO values when more than two comparisons were made. Protected t -tests (Student-Newman-Keuls: SNK) were used for further tests between values when significant main (M) or interaction (X) effects were obtained in the GLM. Student's t -tests were used for all other comparisons. Statistics were calculated using SAS statistical software (6.03 edition).
RESULTS
Baseline Sleep
We found that 5-HT2cR KO and WT mice differed on several sleep measures in the baseline (PRE-SD) period. 5-HT2cR KO mice had less nonREM sleep (F ϭ 13.46, p Ͻ .0008) and more wake (F ϭ 11.14, p Ͻ .002) than WT mice, particularly in the dark phase of the 24-h day (Figure 1 , panel A). Individual waking bouts were also significantly longer in the 5-HT2cR KO mice (F ϭ 6.1, p Ͻ .02, Figure 1 , panel B). 5-HT2cR KO mice also had fewer NRTs per hour of nonREM sleep than WT mice (mean and SEM: KO 11.6 Ϯ 0.8, WT 14.5 Ϯ 0.8; Student's t -test, p Ͻ .05), but on average, each NRT in 5-HT2cR KO mice was more likely to be followed by a sustained ( Ͼ 30 s) REM sleep period than for WT mice (mean and SEM: 5-HT2cR KO 40.5% Ϯ 3.3%, WT 30.9% Ϯ 2.6%; Student's t -test, p Ͻ .05). There were, however, no differences in vigilance state EEGs between WT and 5-HT2cR KO mice (Figure 2 , GLM, p Ͼ .05). 
Effects of 6-h SD
Sleep deprivation produced greater homeostatic responses in 5-HT2c KO mice than in WT mice as measured by changes in nonREM sleep SWA (Figure 3) , episode duration and nonREM sleep time (Figure 3 , Table 1 ). These different responses to SD were not due to phenotypic differences in arousal during the SD. Both groups of mice were mostly awake during the SD (mean wake and SEM: 5-HT2cR KO 98.7% Ϯ 3.8%, WT 93.2% Ϯ 0.6% total RT: Student's t-test, p Ͼ .05), and the amount of EEG SWA (expressed as % of baseline nonREM sleep values) during sleep deprivation at low levels relative to baseline non-REM sleep values (mean and SEM: 5-HT2cR KO 33% Ϯ 1.9%, WT 41.3% Ϯ 3.8%: Student's t-test, p Ͼ .05).
DISCUSSION
To test the hypothesis that 5-HT2cRs are involved in sleep expression, we examined sleep architecture and homeostasis in a line of mutant mice devoid of functional 5-HT2cR. We found several abnormalities in sleep/wake architecture and an enhanced response to sleep deprivation in 5-HT2cR KO mice. These results suggest that the 5-HT2cR contributes significantly to the serotonergic regulation of sleep.
Sleep Architecture in 5-HT2cR KO Mice
Mice lacking the 5-HT2cR had several abnormalities of sleep/wake architecture. Compared with WT mice, 5-HT2cR KO mice had greater amounts and longer episodes of wake (with a corresponding lower amount of nonREM sleep) and fewer nonREM-REM transitions. These results indicate that 5-HT2cRs are involved in basal regulation of wake and nonREM sleep amounts and suggest that 5-HT2cRs influence the nonREM-REM sleep cycle.
Sleep Homeostasis and the 5-HT2cR
Sleep is regulated by homeostatic mechanisms that control the intensity and amount of sleep as a function of prior sleep/wake history (reviewed in Dijk and Edgar 1999). Our findings of an enhanced response to sleep deprivation in 5-HT2cR KO mice suggest that the 5-HT2cR may play an important role in this process. Although this enhanced response to sleep deprivation may in part be due to more wake in 5-HT2cR KO mice during the dark phase prior to the SD (5-HT2cR KO: 8.52 h; WT: 6.8 h), it may also reflect alterations in the accumulation of sleep propensity. For example, the enhanced response to sleep loss in 5-HT2cR KO mice may be related to increased dopamine and noradrenaline ac- tivity in these mutants. 5-HT2cRs tonically inhibit these catecholaminergic systems (Wright et al. 1995; Di Matteo et al. 1999; Gobert et al. 2000) . Catecholaminergic hyperactivity can in turn induce hypervigilance and large compensatory changes in sleep expression (Edgar et al. 1995; Touret et al. 1995; Caldwell and Caldwell 1997) . It is therefore possible that enhanced catecholaminergic neurotransmission in 5-HT2cR KO mice results in a more rapid accumulation of sleep propensity.
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